Aims/hypothesis Membrane phospholipids are the major intracellular source for fatty acid-derived mediators, which regulate myriad cell functions. We showed previously that high glucose levels triggered the hydrolysis of polyunsaturated fatty acids from beta cell phospholipids. These fatty acids were subjected to free radical-catalysed peroxidation to generate the bioactive aldehyde 4-hydroxy-2E-nonenal (4-HNE). The latter activated the nuclear peroxisome proliferator-activated receptor-δ (PPARδ), which in turn augmented glucosestimulated insulin secretion. The present study aimed at investigating the combined effects of glucose and fatty acid overload on phospholipid turnover and the subsequent generation of lipid mediators, which affect insulin secretion and beta cell viability. Methods INS-1E cells were incubated with increasing glucose concentrations (5-25 mmol/l) without or with palmitic acid (PA; 50-500 μmol/l) and taken for fatty acid-based lipidomic analysis and functional assays. Rat isolated islets of Langerhans were used similarly. Results PA was incorporated into membrane phospholipids in a concentration-and time-dependent manner; incorporation was highest at 25 mmol/l glucose. This was coupled to a rapid exchange with saturated, mono-unsaturated and polyunsaturated fatty acids. Importantly, released arachidonic acid and linoleic acid were subjected to peroxidation, resulting in the generation of 4-HNE, which further augmented insulin secretion by activating PPARδ in beta cells. However, this adaptive increase in insulin secretion was abolished at high glucose and PA levels, which induced endoplasmic reticulum stress, apoptosis and cell death. Conclusions/interpretation These findings highlight a key role for phospholipid remodelling and fatty acid peroxidation in mediating adaptive and cytotoxic interactions induced by nutrient overload in beta cells.
Introduction
NEFA that are incorporated into phospholipids and triacylglycerols also serve as important regulators of insulin secretion [1] [2] [3] . Beta cells respond to increased circulating levels of NEFA by augmenting the secretion of insulin, which facilitates their peripheral disposal [4] [5] [6] [7] . Long-term exposure of beta cells to high levels of glucose and NEFA reduces this response in a phenomenon termed 'glucolipotoxicity', which is characterised by altered membrane fluidity, protein palmitoylation, generation of ceramides, mitochondrial dysfunction, endoplasmic reticulum (ER) stress, autophagy and apoptosis [8] [9] [10] [11] .
Previous studies have shown that arachidonic acid (AA) and linoleic acid (LA) and their metabolites are involved in the regulation of beta cell function [12] . We have shown in INS-1E cells that high glucose levels induced remodelling of membrane phospholipids and released AA and LA. Reactive oxygen species (ROS) prompted non-enzymatic peroxidation of AA and LA to produce 4-hydroxy-2E-nonenal (4-HNE), which augments glucose-stimulated insulin secretion (GSIS) via activation of the nuclear receptor peroxisome proliferatoractivated receptor-δ (PPARδ) [13] .
Previous lipidomic analyses have been performed predominantly on beta cells exposed to glucolipotoxic conditions [14] . The incorporation of high levels of palmitic acid (PA) into phospholipids was associated with beta cell damage [15, 16] . Similarly, beta cell failure in animal models of diabetes was linked to changes in the level of lipid metabolites such as phosphatidylethanolamine [17] . Hitherto, no comprehensive analysis of fatty acid turnover in membrane phospholipid of beta cells exposed to physiological and increasing concentrations of glucose and PA has been reported. Our study was undertaken with the following aims: (1) to determine fatty acid turnover in beta cell phospholipids following exposure to increasing levels of glucose and/or PA; (2) to investigate the impact of these changes on beta cell function and (3) to ascertain whether 4-HNE mediates the adaptive responses.
Methods
Materials A list of chemicals, reagents, antibodies, vectors and suppliers is given in electronic supplementary material [ESM] Methods.
Animals, islet isolation and INS-1E beta cell culture
The ethics committee for animal welfare (IACUC) of the Hebrew University approved the study protocol. Islets of Langerhans were isolated from male Wistar rats (150-175 g; Harlan, Jerusalem, Israel) following collagenase digestion of pancreases, as described [13] . INS-1E cells (passages 65-85) were grown and maintained as described [18] . GSIS assays in INS-1E cell cultures and rat isolated islets and insulin RIA (Merck Millipore, Billerica, MA, USA) were performed as described [13] .
Solubilisation of PA Sodium palmitate (10 mmol/l) was dissolved in 11% (wt/vol.) fatty acid-free BSA in RPMI 1640 medium (pH 7.3), heated to 56°C for 1 h and sterilised by filtration. The final BSA concentration in INS-1E or islet cultures was 0.5% (wt/vol.).
Fatty acid-based lipidomic analysis
The lipidomic analysis of INS-1E cells was performed as described [13] . Fatty acids were identified by G. Cohen and quantified by comparison with standard methylated references.
Western blot and dot blot analyses Cell lysates were prepared as described [19] and used for western blot analyses of PPARδ, p-Thr 980 -protein kinase RNA-like ER kinase (PERK), p-Ser 724 -inositol-requiring enzyme-1 (IRE), total IRE and α-tubulin, according to the suppliers' protocols. Dot blot analysis was used to detect 4-HNE-histidine protein adducts.
Real-time PCR analysis The RNeasy kit (Qiagen, Valencia, CA, USA) was used for RNA isolation. The RevetAid kit (Fermentas, Glen Burnie, MD, USA) was used for cDNA synthesis, using oligodT primers. Real-time PCR was performed using the Stratagene MX3000P system (La Jolla, CA, USA) according to the manufacturer's guidelines. Oligonucleotide primers, designed using Primer Express program (Applied Biosystems, Foster City, CA, USA), were synthesised by Sigma-Aldrich (Rehovot, Israel). The PCR protocols have been described previously [13, 20] . Primer sequences are given in ESM Table 1 .
PPARδ-luciferase reporter assay Subconfluent INS-1E cultures were co-transfected with the hPPARδ expression vector along with the hRXR-, green fluorescent protein (GFP)-and Renilla luciferase expression vectors and the 3XPPRE-TK-luciferase reporter, as described [19] . The yield of the transfection, assessed by GFP fluorescence, was >85%. Firefly luciferase-induced luminescence was determined in cell lysates by means of the dual luciferase reporter assay using the Mithras LB-940 luminometer (Berthold Technologies, Bad Wildbad, Germany). Results were normalised to the Renilla luciferase activity, used as an internal control according to the kit's instructions.
PPAR silencing with siRNA The Pparδ (also known as Ppard) siRNA sequences were 5′-ACGAGAAGUGCGAU CGGAU-3′, 5′-CCUCAAGUACGGCGUGCAU-3′, 5′-CCACAACGCUACCGCUUU-3′ and 5′-CAUGAGUUCU UGCGCAGUA-3′. Scrambled RNA sequences were as follows: sense 5′-GAGGUAACGUCGAACUAUA-3′; antisense 5′-UAUAGUUCGACGUUACCUC-3′. The silencing procedure in INS-1E cells was performed as described previously [13] .
Extraction of polar lipids and HPLC analysis Polar lipid extraction from culture media (20 ml) and HPLC analysis of 4-HNE in the extracts were performed as described previously [13] .
Cell viability and apoptosis assays The methylthiazol tetrazolium (MTT) cell viability assay was performed as described previously [13] . Apoptosis was determined with the annexin V-propidium iodide fluorescent detection assay (MBL-Bion, Tel-Aviv, Israel) in a FACScan System and quantified with the CellQuest Software (version 7.5.3, BD Biosciences, San Jose, CA, USA).
Statistical analysis
Results are given as the means ± SEM of separate experiments in INS-1E cells or in islets pooled from five rats. Statistical analyses were performed using Student's t test. Multiple comparisons were performed by one-way ANOVA followed by the Dunnett's test using GraphPad Prism 5.0 software (La Jolla, CA, USA); p<0.05 was considered significant.
Results
Effects of PA on function and viability of INS-1E cells INS-1E cell cultures were maintained at 5-, 11-and 25 mmol/l glucose for 48 h. Serum-free RPMI 1640 medium, supplemented with 0.5% fatty acid-free BSA without or with 50-500 μmol/l PA, was present during the last 16 h of incubation. Figure 1 (a, b; at zero PA) confirms previous reports on glucose-dependent beta cell proliferation [18] . This effect persisted in the presence of 50-125 μmol/l PA; yet, at PA concentrations of 250 μmol/l or above cell death was intensified in a glucose-dependent manner (Fig. 1a, b) . Cell loss was coupled to PA-induced apoptosis and ROS generation, while increasing glucose concentrations exacerbated this effect (Fig. 1c, d ). The minimum PA concentration required to initiate apoptosis was 500, 350 and 250 μmol/l at 5, 11 and 25 mmol/l glucose, respectively. Significant cell death occurred in the presence of 500 μmol/l PA at 11 and 25 mmol/l glucose (Fig. 1e, f) . Figure 2 shows the results of GSIS assays in similarly treated cells: PA augmented significantly the GSIS already occurring at 50 μmol/l in cells exposed to 5 and 11 mmol/l glucose, and at 125 μmol/l in cells incubated with 25 mmol/l glucose. The vertical broken lines in Fig. 2 indicate PA concentrations above which insulin secretion and/or content were significantly reduced in a glucose-dependent manner. Another observed abnormal effect was the increased basal insulin secretion (at 3.3 mmol/l glucose) in cells exposed to 11 and 25 mmol/l glucose (but not to 5 mmol/l glucose) and high PA levels (Fig. 2a, c, e) . It is also worth noting that at In the time course analysis, the cells were similarly treated without or with 500 μmol/l PA for the indicated times, followed by cell counting (e) and MTT assay (f). Data are means ± SEM, n=3; *p<0.05 for differences from the corresponding 5 mmol/l glucose control; † p<0.05 for differences from the respective PA-untreated cells. RU, relative units 25 mmol/l glucose and increasing PA levels the augmentation of basal insulin secretion preceded the reduction in cell number.
PA-induced phospholipid remodelling in INS-1E cells Table 1 shows data from lipidomic analyses of INS-1E cells maintained at 5, 11 or 25 mmol/l glucose without or with increasing PA concentrations. As shown previously [13, 21] , increased glucose levels affected the abundance of saturated fatty acids (SFA), mono-unsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) in membrane phospholipids. SFA incorporation following PA treatment was correlated positively to ambient glucose; the incremental SFA incorporation following treatment with 500 μmol/l PA increased from 24.0±0.6 ng/10 6 cells at 5 mmol/l glucose to 33.2±3.5 and 41.9±1.6 ng/10 6 cells at 11 and 25 mmol/l glucose, respectively. The respective gain in PA incorporation was 36.0±0.7, 43.5±6.2 and 46.6±1.9 ng/10 6 cells. Yet, total fatty acid content in phospholipids remained unaltered at all PA levels ( Table 1 ), indicating that the incorporation of PA into phospholipids was coupled to a comparable exchange with other fatty acids. PA treatment also markedly increased the incorporation of palmitoleic acid (16:1,cis-9) into phospholipids (Fig. 3b) , while the abundance of stearic acid (18:0) and oleic acid (18:1,cis-9) was significantly reduced in a PA concentration-dependent manner at all glucose levels ( Fig. 3c, d ). Finally, PA further intensified the depletion of AA and LA at all glucose concentrations (Fig. 3e, f) .
Time-dependent lipidomic analysis of cells exposed to a non-cytotoxic concentration of PA (200 μmol/l) is presented in ESM Table 2 . Maximal PA incorporation and the concomitant decline in the abundance of stearic acid, oleic acid, AA and LA were observed within 2 h of incubation (Fig. 4a , c-f) whereas the incorporation of palmitoleic acid continued throughout the incubation period (Fig. 4b) .
Activated phospholipase A 2 (PLA 2 ) hydrolyses PUFA from the sn-2 position in phospholipids [22] . Figure 4 (g, h) shows that PA dose-dependently induced Ser 505 -phosphorylation in cPLA 2 in cells at 5 mmol/l glucose [13, 22] , while the enzyme was maximally phosphorylated at 11 and 25 mmol/l glucose The finding that GW1100, a specific GPR40 antagonist [23] , blocked PA-induced cPLA 2 phosphorylation (Fig. 4i , j) links this receptor to the phospholipid remodelling process.
PA increased insulin secretion in a PPARδ-dependent manner We have shown before that 4-HNE, the peroxidation product of AA and LA, amplifies insulin secretion by activating PPARδ [13] . To test whether PA could enhance GSIS by activating PPARδ we measured the activity of a PPAR response element (PPRE)-luciferase reporter vector in cells exposed to non-cytotoxic PA concentrations at various glucose levels. As shown before [13] , 11 and 25 mmol/l glucose increased PPRE-luciferase reporter activity (2.06-fold and 2.74-fold, respectively, in comparison with cells at 5 mmol/l; Fig. 5a ). Importantly, PA significantly increased luciferase activity in a concentration-dependent manner at all glucose concentrations. Worthy of note, PPARδ protein levels in the cells remained similar under these conditions (ESM Fig. 1 ).
The role of 4-HNE in PA-induced PPARδ activation and insulin secretion was further investigated under non-cytotoxic conditions (5 mmol/l glucose without or with 200 μmol/l PA). The selective PPARδ antagonist GSK0660 blocked PAenhanced luciferase activity ( Fig. 5b) and GSIS (Fig. 5c ). Furthermore, siRNA-mediated silencing of PPARδ expression markedly reduced the capacity of PA to amplify GSIS. INS-1E cells were treated with glucose and PA and incubated as described in the legend to Fig. 1a . The cells were then harvested, processed and taken for fatty acid-based lipidomic analysis, as described in 'Methods' † p<0.05 significantly different from the 5 mmol/l glucose control; *p<0.05 significantly different from respective glucose control
Control GSIS was also reduced in vehicle-treated cells. Naive cells or cells transfected with scrambled RNA sequences served as controls (Fig. 5d, e) . Previous studies suggest that 4-HNE activates PPARδ [13, 24] . Figure 6a shows that cells exposed to 200 μmol/l PA for 16 h generated 5.6-fold higher amounts of 4-HNE than vehicle-treated cells. LCarnosine, a potent scavenger of α,β-unsaturated aldehydes [25] , reduced the amount of free 4-HNE in the culture medium to the control level, while eliminating PPARδ activation and GSIS amplification (Fig. 6b, c) . Similarly, L-carnosine abolished the ability of PA to induce luciferase activity and augment insulin secretion (Fig. 6d, e) . Similar effects were also observed in rat isolated islets exposed to PA without or with GSK0660 or L-carnosine (Fig. 6f, g ). The concentration-dependent effects of PA on GSIS in rat isolated islets are shown in ESM Fig 2a, b. Ravnskjaeret el al [20] and Jiang et al [26] proposed that pyruvate dehydrogenase kinase 4 (PDK4), carnitine palmitoyltransferase-1 (CPT-1α) and fatty acid translocase (CD36) were PPARδ downstream targets involved in the regulation of insulin secretion. We measured their expression in 4-HNE-treated cells (Fig. 7a-f) and observed a significant increase in mRNA levels of Cd36 and Pdk4 (but not Cpt-1α [also known as Cpt1a] mRNA) in both INS-1E cells and rat isolated islets. PA induced beta cell death in a 4-HNE-independent manner High exogenous levels of 4-HNE cause beta cell apoptosis and death, primarily due to excessive covalent protein modifications [13, 27] . ESM Fig. 3a shows that exogenously added 4-HNE formed protein adducts in INS-1E cells in a concentration-dependent manner. PA increased the formation of 4-HNE-protein adducts in a concentration-and timedependent manner in cells maintained at 25 mmol/l glucose. Maximal formation of adducts was observed with 500 μmol/l PA following 16 h of incubation (ESM Fig. 3b) . Strikingly, Lcarnosine, which effectively diminished the accumulation of 4-HNE-protein adducts in INS-1E cells and rat isolated islets exposed to PA, failed to rescue the cells from death (Fig. 8a,  b) . ER stress is considered a major contributor to beta cell dysfunction under glucolipotoxic conditions [8, 28] . However, L-carnosine had no noticeable lowering effect on the expression and phosphorylation of the key ER stress markers IRE, pSer 724 -IRE (p-IRE) and pThr 980 -PERK (p-PERK), which were activated by PA (Fig. 8c-f ).
Discussion
This study shows that the combination of increasing levels of PA and glucose enhanced phospholipid remodelling and the release of AA and LA in beta cells. These conditions triggered the peroxidation of these PUFA to generate 4-HNE, which amplified insulin secretion in a PPARδ-dependent manner. However, this effect was lost at high glucose and PA concentrations due to cytotoxic effects of the combination.
The present lipidomic analysis revealed fast and profound changes in the abundance of fatty acids in phospholipids of PA-treated cells. The extent of incorporation and exchange of PA with other fatty acids increased in a glucose-and PAdependent manner, while the total content of phospholipidassociated fatty acids was comparable at all PA concentrations. Further studies are required to determine whether phospholipid remodelling occurs similarly in isolated islets. PAinduced reorganisation of the phospholipid compartment was completed within 2 h and was associated with Ser 505 phosphorylation in cPLA 2 . Worthy of note, a two-step activation of cPLA 2 by Ser 505 and Ser 515 phosphorylation has been proposed [29] . Plausibly, the maximal Ser 505 phosphorylation at high glucose concentration (Fig. 4g) may not reflect full activation of the enzyme unless Ser 515 is co-phosphorylated. The inhibition of PA-induced Ser 505 phosphorylation in cPLA 2 by GW1100 (Fig. 4i, j) suggests a role for free fatty acid receptor 1 (GPR40) in PA-induced activation of this enzyme [2, 30] . Interestingly, previous findings [31] showing that PA could alter the abundance of lyso-phosphatidylethanolamine species in islets from Gpr40 (also known as Ffar1) knockout mice suggest that other GPR subtypes could be involved the regulation of phospholipid turnover in beta cells.
The abundance of stearic-, oleic-, arachidonic-and linoleic acid in phospholipids was reduced maximally when PA incorporation reached peak levels. Concomitantly, palmitoleic acid incorporation increased linearly and was maximal at 250 μmol/l PA. This reflects Δ9-desaturase (SCD1)-mediated transformation of PA to its mono-unsaturated form. Previous reports assigned protective roles for SCD1 and oleic acid against palmitate-induced damage in beta cells [32, 33] . The reciprocal alterations in PA and oleic acid content in phospholipids result from competition for SCD1 between endogenous oleic acid and high levels of exogenously added PA. Previous findings demonstrating the protective role of oleic acid in PAtreated beta cells [34] could be explained by the replenishment of the former when SCD1 predominately transforms PA to palmitoleic acid. PUFA are transformed by cyclooxygenases, lipoxygenases and cytochrome P 450 epoxidase/ω-hydrolase to a large number of mediators, which regulate various beta cell functions [12, 35, 36] . The increased cyclooxygenase-mediated production of PGE 2 in PA-treated cells (ESM Fig. 3c and [37] ) corroborates our findings regarding increased availability of AA to intracellular metabolism. It is worth noting that PGE 2 , as well as other PUFA metabolites, can also regulate beta cell function by activating PPARα, PPARδ or PPARγ nuclear receptors. In addition, free radical-induced peroxidation of PUFA generates 4-hydroxyalkenals [35, 36] . Being saturated, PA is not subjected to peroxidation, yet it effectively augmented 4-HNE production in INS-1E cells by increasing the availability of AA and LA to peroxidation. We, and others, have reported that 4-hydroxyalkenals activate the PPARδ nuclear receptor in various cells, including beta cells [13, 19, 24, 35, 38] . The findings that 4-HNE scavenging with L-carnosine and PPARδ inhibition or its silencing attenuated PA-induced GSIS further support the role of the 4-HNE-PPARδ axis in beta cell function [13, 39] . However, additional strategies aimed at reducing endogenous 4-HNE levels (i.e. modulation of the expression of fatty aldehyde dehydrogenases) may further be employed.
Our findings complement well previous reports on ameliorating effects of PPARδ agonists on PA-induced dysfunction in beta cells [26, 40] . We have found that 4-HNE augmented the expression of the PPARδ-sensitive genes Pdk4 and Cd36 (but not Cpt-1α) in beta cells. These proteins have been linked to enhanced mitochondrial fatty acid oxidation and augmented insulin secretion [20, 41] . The reason for a lack of effect on CPT-1α in our study is unclear. The different sensitivity of the INS-1E cell line and isolated islets to 4-HNE has been previously observed and discussed [13] . Collectively, our findings support the hypothesis that non-cytotoxic combinations of glucose and PA have a hormetic role in response to nutrient overload by increasing insulin secretion to maintain homeostasis of both nutrients. The in vitro cytotoxic threshold level of PA in beta cells was correlated conversely with the ambient glucose. However, it is unclear whether similar glucolipotoxic threshold levels are attained in vivo. There is a wide range of plasma PA levels in healthy individuals and the levels are altered significantly in various diseases but barely reach the in vitro threshold levels reported here [42] [43] [44] . Therefore, clinical and population-based studies are needed to ascertain the relevant in vivo glucolipotoxic threshold levels in relation to beta cell pathophysiology. Similarly, the idea that other fatty acids in the plasma attenuate these threshold levels should be carefully evaluated.
ER stress and enhanced ROS production have been implicated in beta cell glucolipotoxicity [11, 28, 45] , although others contest this theory [37] . The contribution made by beta cellgenerated 4-hydroxyalkenals to this process is unclear. High levels of 4-hydroxyalkenals and their metabolites have been linked to the development of diabetic complications [25, 35, 38, [46] [47] [48] . Indeed, exposure of beta cell cultures and rat isolated islets to high levels of 4-HNE induced apoptosis and cell death [13, 27] . Nonetheless, this study shows that the neutralisation of 4-HNE with L-carnosine failed to rescue the cells from ER stress and demise. Therefore, endogenous 4-HNE may not be a major glucolipotoxic factor. However, PAinduced stress could result from the excessive generation of palmitoyl-CoA [11] , which is a substrate for ceramide biosynthesis [49] . Ceramides are pro-apoptotic and can blunt the stimulatory effect of glucose on proinsulin gene transcription [49] . Thus, PA-derived metabolites other than 4-HNE appear to -IRE and total IRE (c). Corresponding densitometric analysis of the western blots are shown (d-f). Dot blot analysis of lysates prepared from rat pooled isolated islets that were incubated with 500 μmol/l PA is shown in (a). Data are means ± SEM, n=3; *p<0.05 for differences from the respective untreated cells; † p<0.05 for differences from the respective PA-treated cells. RU, relative units contribute to beta cell dysfunction and death. Our study focused on the rapid effects of PA on phospholipid remodelling and its consequences. Further studies are required to investigate whether this mechanism remains operative after prolonged incubation of beta cells with non-toxic PA and glucose levels.
In summary, this study shows that glucose-and PAinduced phospholipid turnover generates intracellular metabolites that regulate beta cell function and survival. The adaptive GSIS response was mediated via the 4-HNE-activated PPARδ pathway. Notably, the abundance of fatty acids in phospholipids may vary considerably among individuals due to diet, nutrient availability and metabolism [50] . Therefore, these factors may differentially influence phospholipid remodelling resulting in variable beta cell response to nutritionally challenging conditions. Importantly, this study points to an important role for physiological levels of PA in the maintenance normal beta cell function.
